Chiamydomonas reinhardtii expresses a well-documented circadian rhythm of phototaxis, which peaks in the subjective daytime. We find that vegetative cells also express circadian rhythms of chemotaxis to ammonium and ammonium uptake (as gauged by uptake of [14C]methylammonium). The chemotaxis rhythm peaks in the subjective night. Methylammonium uptake is light dependent, and its rhythm peaks at subjective dawn. Unlike vegetative cells, gametes are not attracted to ammonium. We believe this to be the first report of a circadian rhythm of chemotaxis.
The unicellular alga Chlamydomonas reinhardtii displays several circadian rhythms, including phototaxis (1) and "stickiness" to glass (24) . Of these, the phototaxis rhythm has been investigated most extensively: Bruce and Bruce (2) isolated clock mutants, drugs have been assayed for their ability to phase shift the rhythm (4), and Kondo et al. (1 1) m-easured action spectra for light-induced phase resetting.
Phototaxis of Chlamydomonas cells is high during the day phase ofan LD2 cycle and is low at night. This rhythm persists in DD or LL, i.e. phototaxis remains high in subjective daytime and low in the subjective night (1) . The rhythm is truly a change in phototactic response per se and is not a daily change of motility (12, 19 taxis to ammonium. Therefore, we tested whether Chlamydomonas cells are attracted to ammonium at night.
We found that Chlamydomonas not only displayed chemotaxis to ammonium at night but that the chemotaxis was rhythmic. On an LD cycle, chemotaxis was much higher at night than during the day. This rhythm persisted after the cells were transferred to various LL regimens. This indicates that ammonium chemotaxis is controlled by a circadian clock.
Ammonium uptake into the cells, as assayed by lightdependent ["4C]methylammonium uptake, also displays circadian rhythmicity. Surprisingly, the peak of chemotaxis to ammonium does not correspond with the peak uptake of methylammonium: the peak of methylammonium uptake is approximately 6 h after the peak chemotaxis. Therefore, although ammonium chemotaxis is maximal in the middle of the subjective night, maximal uptake of the nutrient into the cells does not occur until subjective dawn.
MATERIALS AND METHODS Cell Strain and Growth Conditions
All cells used in the experiments described in this paper belong to the CC-125 strain of Chlamydomonas reinhardtii maintained at the Chlamydomonas Genetics Center at Duke University and were provided by Dr. Elizabeth Harris. Cells were grown in 125-mL Erlenmeyer flasks with approximately 75 mL of HSM (5) reported to alter the transport of both ammonium and methylammonium (3) .
RESULTS
Daily Rhythm of Chemotaxis Figure 1 shows that chemotaxis to ammonium is rhythmic in cells exposed to an LD cycle. Ammonium chemotaxis is maximal in the middle of the night and is quite low during the daytime. Comparison of data from many experiments indicated that the exact time of the chemotactic peak is variable but is within the subjective nighttime, usually between LDT 16 and 20 . Control values, as gauged by the accumulation of cells into capillary tubes filled with nitrogenfree HSM, were low at all phases. Chlamydomonas cells are fully motile in both the control (nitrogen-free HSM) and chemoattractant (1.0 HSM) media; therefore, there is no possibility of an artifact due to "trapping" of immotile cells within the capillaries. In this experiment and in most of the other experiments described in this paper, cell densities increased during the time course of the experiment. In all cases, however, the growth rate was slow enough that 80 to 90% of the cells were motile at every assay time point. Therefore, the rhythm of chemotaxis is also not due to an artifact relating to a rhythm of cell division. Statistical analysis (two-factor ANOVA) of the data of Figure 1 indicates highly significant differences (P < 0.01) between: (a) experimentals and controls, (b) time groups, and (c) interaction effect of time and treatment. The rhythmic pattern of chemotaxis to ammonium is the reverse of the pattern of rhythmic phototaxis, i.e. the phototactic rhythm peaks at phases between dawn and the middle of the day (1). with a period that was indistinguishable from that at 23°C, Als/mL. Two-factor given that our assay points were at 6-h intervals (data not experimentals and shown). At temperatures >25°C, rhythmic expression was lost, with chemotaxis being low at all phases. This observation is not a problem for our interpretation that a circadian pacemaker controls chemotaxis; it merely means that temperaDiurnal?
To determine whether the daily rhythm of chemotaxis was circadian, we tested whether it would persist in constant conditions. We tested several different constant regimens, i.e. in each case, the temperature was maintained at a constant level, but the pattern of illumination was changed.
The first illumination condition was simply to transfer cells from an LD cycle to DD. Figure 2 illustrates the result of an experiment in which cells in LD were transferred after 72 h to DD. The cells expressed a high-amplitude rhythm in LD. After transfer to DD, a rhythm clearly persisted for at least three cycles, even though the amplitude of the chemotaxis rhythm dampened significantly. Figure 3 depicts the results from constant conditions experiments in which cells were transferred from LD cycles to LL. Cells were transferred from LD to constant bright LL (light intensity of bright LL = 25 Omol m-2 s-') (Fig. 3A) . In this case, the chemotaxis rhythm appeared to dampen or to become disrupted within 1 d of the onset of LL. If cells were transferred to constant dim LL (4 ,umol m-2 s-'), an obvious circadian rhythm persisted for at least three cycles (Fig. 3B) . In dim LL, chemotaxis continued to peak in the subjective nighttime; the peak shifted to later times after each cycle, suggesting that the free-running period is longer than 24 h, as is the phototactic rhythm in LL (1 1 (3) . Moreover, we found that extracellular ammonium inhibits methylammonium uptake (data not shown). Figure 5 shows the uptake of methylammonium into Chlamydomonas cells from both midday (LDT 6) and midnight (LDT 18) phases of an LD cycle. Methylammonium uptake was strikingly dependent on the illumination conditions; light stimulated the uptake. In addition, Figure 5 clearly shows that methylammonium uptake is more robust into cells from the light phase than from the dark phase. When we tested the possibility of a rhythm of methylammonium uptake, the data startled us. We had expected that methylammonium uptake would be highest when the cells Time (hours) Figure 6 . Comparison of ammonium chemotaxis and methylammonium uptake in standard LD and high-frequency LD cycles. Cells were tested for ammonium chemotaxis as in Figure 1 were most strongly attracted to ammonium. This was not so, as shown in Figures 6 and 7 . Figure 6 depicts the results of two experiments of cells in LD 12:12 transferred to the highfrequency light cycle. Figure 6A shows that light-dependent methylammonium uptake was highest in the day phase of LD, when chemotaxis is lowest, and plummets at night, when chemotaxis peaks. After transfer to constant conditions (i.e. high-frequency LD cycle), a rhythm of methylammonium uptake persisted, but a difference in the phase relationship between the two rhythms still existed, i.e. the methylammonium uptake rhythm peaked about 6 h after the chemotaxis rhythm (Fig. 6) . In this experiment, the chemotaxis rhythm peaked in the middle of the subjective night, whereas the methylammonium uptake rhythm peaked at about subjective dawn. In other experiments in which the peaks of the chemotaxis and uptake rhythms were more precisely mapped, the peak of the uptake rhythm lagged that of the chemotaxis rhythm by 4 to 8 h (data not shown).
The same phase relationships are obvious after cells are transferred to constant dim light, as Figure 7 illustrates. Again, rhythms of both chemotaxis and light-dependent methylammonium uptake persisted in dim LL, with the light-dependent methylammonium uptake rhythm phase lagging the chemotactic rhythm by about 6 h. The rate of methylammonium uptake assayed in the dark was minimal at all phases in LL or in the high-frequency light cycle. Figure 7 . Comparison of ammonium chemotaxis and methylammonium uptake in standard LD and dim constant light. Cells were assayed for one LD cycle and then transferred into constant dim light (4 ,Amol m-2 s-1). Chemotaxis assays were conducted as in Figure 1 and uptake assays as in Figure 6 , except that the cells were placed in dim LL during the 1-h nitrogen-free incubations before assays. Ordinate and abscissa are as described in Figure 6 . A, Mean value of three experimental capillaries; bars, ± 1 SE. As in Figure 6 , chemotaxis controls are not shown. Controls never exceeded 105, and only one exceeded its corresponding experimental samples. A, Uptake counts after 60 min exposure to [14C]methylammonium under cool-white light. Cell densities ranged from a minimum of 1.6 x 106 cells/mL on the first day to a maximum of 1.9 x 1 06 cells/mL on the fourth day (experiment 73).
Could the methylammonium uptake rhythm be some artifact of using methylammonium and not reflective of ammonium uptake? This seems unlikely for three reasons: (a) single-gene mutations block both ammonium and methylammonium uptake (3), (b) extracellular ammonium inhibits methylammonium uptake (not shown), and (c) Chlamydomonas cells exhibit rhythmic chemotaxis to methylammonium as well as to ammonium, albeit less strongly (Fig. 4B) . Consequently, we believe that methylammonium is an accurate gauge of a light-dependent ammonium uptake rhythm.
Role of Light in Methylammonium Uptake
Because light stimulates methylammonium uptake, we wondered whether the methylammonium uptake rhythm reflected an underlying rhythm of photosynthetic capacity, such as has been observed in other algae (13, 21) . Therefore, we measured photosynthetic oxygen evolution under saturating light conditions and subsaturating/saturating bicarbonate conditions from cells tested at various circadian phases in dim LL. We could detect no rhythm of photosynthetic oxygen evolution (data not shown).
We also tested the impact of DCMU, an inhibitor of photosynthetic electron flow, on light-dependent methylammonium uptake. DCMU at a concentration that completely inhibits oxygen evolution (1 gM) did not inhibit methylammonium uptake. At a concentration of 5 ,M, DCMU inhibited methylammonium uptake by about 4%, but the effect of the drug at this concentration was probably less specific for photosynthesis (DCMU data not shown).
Gametes Do Not Respond Chemotactically to Ammonium
Because nitrogen deprivation is the standard technique for initiating gametogenesis in Chlamydomonas, we wondered whether chemotaxis to ammonium might actually be a property of gametes instead of vegetative cells. This is clearly not true, as the results of Table I show. After 24 h in nitrogenfree medium in LL (standard gametogenetic conditions, see ref. 5), Chlamydomonas cells differentiate into gametes, which are not attracted to ammonium. In other experiments (not shown), we found that chemotaxis decreases about 10 to 16 h after nitrogen deprivation, which is approximately the time at which mating-reactive gametes first appear (5) . Perhaps this change in chemotactic behavior might be used as a gauge of gametogenetic differentiation. For the purposes of this report, however, the main point is that mature gametes do not chemotax to ammonium; therefore, our results concerning chemotaxis and methylammonium uptake using cells that have been ammonium depleted for 1 h are not artifacts of some advanced stage of gametogenesis.
DISCUSSION Circadian Rhythms of Ammonium Uptake and Chemotaxis
Our results show that Chlamydomonas cells express daily rhythms of ammonium uptake and chemotaxis which persist in constant conditions. The presence oflight affects the damping of the rhythm in constant conditions; the rhythm persists (9, 10, 22) . The rhythms of ammonium uptake and chemotaxis appear to be under the control of a circadian pacemaker(s), as has already been shown for phototaxis (1, 1 1). Are these various rhythms controlled by the same circadian pacemaker? We have no data that answers this question. Clearly, the phase relationships of these rhythms are different: phototaxis peaks at subjective early-to midday, chemotaxis to ammonium peaks in the subjective night, and methylammonium uptake peaks at about subjective dawn. Nevertheless, these rhythms could all be controlled by the same pacemaker: e.g. there is no apparent desynchronization among these rhythms during constant-condition free running for one to four cycles. Although evidence exists that supports the possibility ofmultiple oscillators in higher organisms (20) , there is no conclusive evidence to date for multiple pacemakers in unicellular organisms (16) . Therefore, this issue remains unresolved at the present time.
Proximal Bases for Chemotactic and Uptake Rhythms A viable strategy for discovering the mechanism of a circadian pacemaker is to track the control pathway of an overt rhythm upstream to the clock mechanism (8) . We are, therefore, interested in tracking the control pathways of the chemotactic and uptake rhythms. First, the chemotactic rhythm does not seem to be controlled by the ammonium uptake rhythm, because the phase relationships of these rhythms do not coincide. Second, we hypothesized that rhythms of calcium transport might be involved in the control network, because chemotaxis to ammonium is dependent upon extracellular calcium (ref. 23 ; our own data, not shown). Therefore, we measured 45Ca uptake at midday and midnight phases into ammonium-depleted cells. Ammonium failed to stimulate or inhibit 45Ca uptake in a phase-dependent manner. Therefore, we presently have no data supporting a rhythmic change in calcium transport that might control rhythmic chemotaxis or ammonium uptake.
Because methylammonium uptake is highly dependent upon light, we tested whether a rhythm of photosynthetic capacity might underlie the rhythm of ammonium uptake. We found no evidence for a rhythm of photosynthetic capacity. This is not to say, however, that ammonium uptake is not dependent on photosynthesis; it may well be that ammonium uptake depends upon ATP generated by photophosphorylation (which is not very sensitive to DCMU). But the rhythm of ammonium uptake is not controlled in a ratelimiting fashion by a rhythm of photosynthesis.
It could be that the rhythm of ammonium uptake is due to a rhythm of activity of enzymes in the ammonium assimilation pathway, e.g. glutamine synthetase and glutamate synthase (15) . Interestingly, daily (not necessarily circadian) rhythms of glutamine synthetase and glutamate synthase activity have been reported during the cell division cycle of Chlamydomonas (14) . We have not yet measured the activities ofthese enzymes during the circadian cycle of nondividing cultures, but such experiments may provide a clue for the basis of the ammonium uptake rhythm.
Adaptive Significance of Rhythms of Ammonium Chemotaxis and Uptake Chlamydomonas cells express two taxis rhythms: phototaxis and chemotaxis. Phototaxis peaks in the daytime, which seems reasonable because it will allow the cell to find an optimal environment for photosynthesis. When the cells cannot expect to photosynthesize (nighttime), phototaxis turns off and chemotaxis to ammonium turns on. Presumably, nighttime chemotaxis allows the cells to find a nutrient-rich environment.
The phase relationship of the methylammonium rhythm, however, initially puzzled us. Why move toward ammonium maximally at midnight but then wait 6 h to maximally utilize this nutrient? We proffer that the key to this riddle lies in the fact that ammonium uptake/assimilation is a light-dependent mechanism. Because ammonium uptake/assimilation must wait for dawn in nature, the uptake/assimilation system is not fully activated until that time. Perhaps chemotaxis to ammonium at night enables the cells to find a nutrient-rich environment to exploit whence comes the new dawn. At that time, cells can assimilate as much ammonium as possible and switch into a predominantly phototactic mode.
